Electrically stimulated neurogenic vasodila tion and endothelial-dependent cholinergic vasodilation in cerebral arteries are both blocked by hemoglobin. To determine if neurogenic vasodilation has a cholinergic component, we examined the effect of hemoglobin on neurogenic responses and perivascular cholinergic pa rameters in isolated porcine cerebral arteries. The per fused circle of Willis has a mixed response to transmural nerve stimulation (TNS) that is predominately vasodila tion. Exposure to hemoglobin (5 f.!.. M) causes constriction of this preparation while simultaneously blocking TNS induced vasodilation. At similar concentrations, how-
Summary: Electrically stimulated neurogenic vasodila tion and endothelial-dependent cholinergic vasodilation in cerebral arteries are both blocked by hemoglobin. To determine if neurogenic vasodilation has a cholinergic component, we examined the effect of hemoglobin on neurogenic responses and perivascular cholinergic pa rameters in isolated porcine cerebral arteries. The per fused circle of Willis has a mixed response to transmural nerve stimulation (TNS) that is predominately vasodila tion. Exposure to hemoglobin (5 f.!.. M) causes constriction of this preparation while simultaneously blocking TNS induced vasodilation. At similar concentrations, how-A parasympathetic, cholinergic vasodilator inner vation to cerebral arteries was initially proposed by Forbes and Wolff (1928) , Chorobski and Penfield (1932) , and Cobb and Finesinger (1932) . The pres ence of cholinergic innervation in cerebral blood vessels is supported by the presence of acetylcho linesterase-positive fibers (Lavrentieva et aI., 1969; Edvinsson et aI., 1972 Edvinsson et aI., , 1976 Denn and Stone, 1976) , high levels of endogenous acetylcholine, choline acetyltransferase (ChAT) activity and high affinity choline uptake (Florence and Bevan, 1979; Duckles, 1981) , and ChAT-immunoreactive fibers (Saito et aI., 1985) .
Morphopharmacological studies have also sup ported a vasodilator function for cholinergic nerves in cerebral arteries. A positive correlation was dem onstrated between ChAT activity and the degree of vasodilation in cerebral arteries (Florence and Be-ever, hemoglobin did not alter electrically stimulated, tet rodotoxin-sensitive release of acetylcholine. Hemoglobin also had no effect on neuronal choline uptake or esteratic inactivation of acetylcholine. These results demonstrate the ability of low concentrations of hemoglobin to alter cerebral neurogenic vasodilation. The failure of hemoglo bin to affect any aspect of . cholinergic transmission, how ever, provides further evidence against a direct vasodila tory role for acetylcholine as a terminal transmitter in isolated cerebral blood vessels. Key Words: Hemoglo bin-Acetylcholine-Cerebral blood vessels-Vaso dilation-Transmural nerve stimulation. van, 1979; Bevan et aI., 1982a) . Similarly, Saito et ai. (1985) showed that the rabbit basilar artery, which predominately constricts in vitro upon elec trical stimulation (Lee et aI., 1976) , exhibits very few ChAT-immunoreactive fibers, while the cat middle cerebral artery, which is densely innervated with ChAT-immunoreactive fibers, exclusively di lates upon electrical stimulation (Lee et aI., 1975 (Lee et aI., , 1978 .
In contrast to the positive correlation between cholinergic nerves and vasodilation, it has been demonstrated that nerve stimulation-induced relax ation of isolated cerebral arteries is not affected by atropine, physostigmine, or hemicholinium (Lee et aI., 1975 (Lee et aI., , 1978 (Lee et aI., , 1982 Duckles, 1979; Toda, 1982) . Although acetylcholine-induced vasodilation has been shown to be endothelial dependent (Furchgott and Zawadzski, 1980) , neurogenic vasodilation per sists and is enhanced following removal of endothe lial cells (Lee, 1980 (Lee, , 1982 . Furthermore, in cerebral arteries without endothelial cells, acetylcholine (ACh) directly constricts vascular smooth muscle cells (Lee, 1980 (Lee, , 1982 , suggesting that ACh is not the dilator transmitter at the terminal synapses. These observations, however, have not been unan imously supported (Bevan et aI., 1982a (Bevan et aI., , 1982b .
We have demonstrated that the primary compo nent of the hemolysate, which is hemoglobin, is ca pable of blocking neurogenic vasodilation in cere bral arteries from several species (Lee et aI., 1984 (Lee et aI., , 1988 . Martin et al. (1985a Martin et al. ( , 1985b have shown that hemoglobin blocks cholinergic, endothelial-depen dent vasodilation in rabbit aorta. Therefore, to further define the relationship between neuronal ACh and cerebral neurogenic vasodilation, we ex amined the effects of hemoglobin on neurogenic va sodilation and on ACh release, uptake, and hydro lysis. The results indicate that hemoglobin blocks electrically induced neurogenic vasodilation by a mechanism that is independent of cholinergic inner vation. A preliminary account of these findings has been reported (Linnik and Lee, 1986b) .
MATERIALS AND METHODS
Adult pigs (86-140 kg) of either sex were obtained from local packing companies immediately upon sacrifice. The animals were stunned with an electric shock and exsan guinated by severing the common carotid artery. The brain was removed and placed in a Krebs bicarbonate solution equilibrated with 95% O 2 and 5% CO 2 , The com position of the Krebs was (mM);Na +, 144.2; K +, 4.9; Ca 2 +, 1.6; Mg 2 +, 1.2; Cl-, 126.7; HC0 3 -, 25.0; sol-, 1.19; glucose, 1.11; calcium disodiumethylenediaminete traacetate, 0.023. The large arteries at the base of the brain were removed with the aid of a dissecting microscope.
Arterial perfusion
The internal carotid and anterior cerebral portion of the circle of Willis was removed and all branches (18-25 branches/2 cm) were ligated with 6-0 silk suture. The vessel was cannulated on both ends, placed between a pair of platinum electrodes, and mounted vertically at a tension of 1-1.25 g. It was perfused through the carotid cannula at 40-50 mm Hg and superfused extraluminally at 6 mllmin with Krebs solution maintained at 37°C. The artery was allowed to equilibrate for 30 min, at which time either serotonin (5-hydroxytryptamine) or uridine 5' triphosphate (UTP) was added to the perfusate until ap proximately 10 mm Hg of active tone was established in order to observe dilatory responses (Lee et aI., 1976) . Transmural nerve stimulation (TNS) was supplied to the artery across the electrodes, and response was recorded by a pressure transducer (Gould P 23 ID) placed in line with the perfusion cannula. Stimulation parameters con sisted of 200 pulses at 8 Hz, 0.3 ms in duration, and 75 rnA in amplitude. Pulses were presented as biphasic square waves and were continually monitored on a Textronix oscilloscope. Endothelial integrity was established by ob serving dilations to low concentrations of acetylcholine (0.01-1 fl.M).
Two control responses to TNS were established, with a 10-15 min interval between responses. Control responses were followed by the addition of 5 fl.M hemoglobin to the perfusion reservoir. When constriction to hemoglobin had stabilized, experimental responses to TNS were elic ited. Responses were measured as the change in perfu sion pressure in mm Hg.
Choline uptake Isolated vessels were cut into 4 mm pieces, placed in 5 ml Krebs, and pre incubated for 60 min at 37°C. Matched segments were exposed to 100 fl.M hemicholinium-3, a high-affinity choline uptake blocker, for the final 30 min. During the final 10 min of preincubation, experimental segments were exposed to hemoglobin or porcine serum albumin. eHlCholine chloride([3H]ChCI, 1.0 fl.M) was then added for 15 min. Uptake was terminated by rinsing in nonlabeled 1 fl.M ChCI and placing on tared filter pa per. Samples were dried at 105°C for 2 h and weighed. Tritium was extracted by incubating in 2 ml 95% ethanol at 60°C for 18 h (extraction efficiency = 85-95%). Scin tillation cocktail was added to the extract and samples were counted in a scintillation counter for 5 min (36-38% efficient).
Acetylcholine release
Acetylcholine release was determined by measuring tri tium overflow from arteries preincubated in eHlChCI. Vessels were equilibrated in Krebs at 37°C for 25 min, [3H]ChCI was added and allowed to incubate for an ad ditional 60 min. Vessels were placed in release chambers and perfused at 0.6 mllmin for 45 min before beginning stimulation. TNS was administered at 14.5 min intervals utilizing the same parameters as the arterial perfusion ex periments. Superfusate was collected in 5 min fractions, with TNS supplied during every third fraction for eight consecutive stimulations. Three milliliters of scintillation cocktail was added to each fraction, and vials were counted in a Beckman LS5800 liquid scintillation counter from which disintegrations per minute were calculated against a quench curve developed specifically for hemo globin and Krebs. Drugs were added directly to the per fusate to determine their effect on basal and stimulated choline release.
Release analysis
Due to the decrement in eH]ACh available for release over the course of an experiment, release was quantitated by first determining the percent of total radioactivity available that was released into a given fraction (percent release). Percent release was then normalized for consec utive stimulations by dividing percent release into a stim ulated fraction (Sx) by its corresponding basal release fraction (Sx-l), defined as that fraction just prior to a stimulated fraction. This normalization resulted in values which were consistent for eight consecutive stimulation periods.
Acetylcholinesterase
Isolated vessels were homogenized in 500 fl.l 10 mM phosphate-buffered saline with 0.5% Triton X-l00 (pH 7.4) and serially diluted. Acetylcholinesterase (AChE) ac tivity was assayed according to the procedure of Johnson and Russell (1975) . Briefly, aliquots of homogenate were combined with appropriate concentrations of hemoglobin or albumin to a reaction volume of 150 fl.!. Tetralsopropyl pyrophosphoramide (isoOMPA) (13.3 fl.M) was added to inhibit butyrylcholinesterase activity (Bayliss and To drick, 1956) , which accounted for 1% of the total hydro lytic capacity of the homogenate. [3H]Acetylcholine io dide (10 fl.M) was added, and the reaction was allowed to proceed at 37°C for 15 min. The reaction was stopped by the addition of 200 fl.l of 1 M chloroacetic acid/0.5 M NaOH/2 M NaCl. Four milliliters of cocktail containing 0.51% 2,5-diphenyloxazole (PPO) and 0.03% 1,4-bis- [5-phenyl-2-oxazolyl]benzene; 2,2' -p-phenylene-bis [5-phenylozole] (PO POP) in toluene with 10% isoamyl alcohol was added and shaken vigorously; phases allowed to separate for 30 min before counting. Blanks were de termined and accounted for less than 3% of the total ra dioactivity.
Hemoglobin oxidation
Oxyhemoglobin was prepared from purified hemoglo bin (Hb) which contains up to 75% methemoglobin, by reduction with sodium dithionite (1 mg dithionite/15 mg Hb) and separated on a Sephadex 0-25 column according to the method of Asakura (1978) . The oxidation state of the eluate was verified spectrophotometrically, and pro tein concentration determined using a BioRad protein as say.
Statistical analysis
Probability values of less than 0.05 (p < 0.05) were considered significant as determined by analysis of vari ance and Newman-Keuls test for multiple comparisons.
Drugs
The following drugs were employed: acetylcholine chloride (Calbiochem, San Diego, CA U.S.A.); [methyl-3H]choline chloride, [acetyl-3H]choline iodide (New England Nuclear, Boston, MA, U.S.A.); tetrodotoxin (Sankyo-Tokyo, Japan); uridine 5'-triphosphate, sodium dithionite, porcine hemoglobin, porcine albumin fraction Y, hemicholinium-3, iso-OMPA, 5-hydroxytryptamine (Sigma, St. Louis, MO, U.S.A.).
RESULTS

Perfused arteries
Perfused arteries developed active tone in re sponse to serotonin (1-10 iJ-M) and UTP (1-10 iJ-M). When eight preparations were subjected to TNS, six dilated, one constricted, and one did not re spond. The mean change in perfusion pressure was -4.9 ± 1.6 and -6.4 ± 2.9 mm Hg for first and second controls (mean ± SEM), respectively. Sub sequent addition of hemoglobin (5 iJ-M) to the per fusate constricted all vessels (21 ± 5 mm Hg, mean ± SEM, p < 0.05).
Increasing active tone, either intrinsically or by agents such as serotonin or UTP, enhances the magnitude of TNS-induced dilations in order to maintain dilation at the same percent of active tone (Lee et aI., 1978) . Hemoglobin, however, blocked neurogenic vasodilation (Fig. 1) preparations, resulted in neurogenic vasoconstric tion. In the eight preparations, six now constricted to TNS, and two dilated slightly. The mean change in perfusion pressure was 3.2 ± 2. 2 and 1.8 ± 1.9 mm Hg (mean ± SEM), for first and second exper imental responses, respectively (p < 0.05 for sec ond control versus first experimental) (Fig. 2) .
Choline uptake
The effect of hemoglobin on neuronal eHlcholine uptake in arteries was examined. Nonneuronal up take, determined by pre incubating the paired con tralateral artery with hemicholinium-3 (100 fLM), ac counted for nearly half of the total uptake in 15 min. Hemoglobin and albumin, in concentrations up to 50 fLM, had no effect on neuronal choline uptake (Fig. 3 ). No regional differences in choline uptake were observed (p > 0.05; n = 5).
Release
The TNS-induced increase in tritium release from cerebral arteries preincubated with eH]choline was observed to be consistent for nine consecutive trials when stimulated release was normalized against its corresponding basal release fraction (Fig. 4) . Inter pretation of results using this analytical approach depends on alterations to both basal and stimulated release; therefore, the normalized data are pre sented with the raw data. The electrical stimula tion-evoked release of tritium was reversibly blocked by exposure to tetrodotoxin, confirming its neurogenic origin (Fig. 5 ). Exposure to hemoglobin
.5 rt at concentrations up to 8 fLM, however, failed to alter either basal or stimulated tritium release (p > 0.05; n = 6) ( Fig. 6 ).
Acetylcholinesterase
AChE was extracted from arteries and assayed in the presence of oxyhemoglobin, methemoglobin, and porcine serum albumin in concentrations up to 50 fLM. The presence of these proteins had no effect on the hydrolytic capacity of this enzyme (Fig. 7) .
DISCUSSION
The present experiments verify that the neuro chemical parameters indicative of a functional cholinergic innervation are present within cerebral arteries of the pig. Choline uptake, neurogenic ace tylcholine release, and acetylcholinesterase activity are demonstrated to exist at levels that suggest a role for acetylcholine in the control of the cerebral circulation. The ability of hemoglobin to block neu rogenic vasodilation without altering cholinergic pa rameters, however, provides further evidence against the possibility of ACh acting as a direct va sodilator transmitter at terminal synapses in iso lated cerebral arteries (Lee, 1980) .
Hemoglobin inhibition of neurogenic vasodilation may be the result of functional alterations occurring at multiple sites across the vessel wall. In an acute subarachnoid hemorrhage model, Sasaki et al. (1986) barrier within 30 min of intracisternal blood injec tion. Hemoglobin also inhibits endothelial-depen dent vasodilation (Fujiwara et aI., 1986; Lee et aI., 1988; Nakagomi et aI., 1987) , demonstrating that hemoglobin can disrupt endothelial function. Within the media, hemoglobin directly constricts vascular smooth muscle (Osaka, 1977; Wellum et aI., 1982) and potentiates norepinephrine-induced vasoconstriction (Lee et aI., 1988) . The extent to which these factors contribute to inhibition of neu rogenic vasodilation in the cerebral circulation is not completely established.
Determining the cholinergic contribution in the arterial response to neurogenic stimulation has proved to be a complex task. Furchgott and Za wadzki (1980) initially demonstrated that cholin ergic vasodilation was dependent upon the release of a relaxant substance from the endothelial cells, which has subsequently been identified as nitric ox ide (Palmer et aI., 1987) . The observations of Martin al. (1985a, 1985b ) that hemoglobin, methylene blue, and various ferrous proteins were capable of blocking endothelial-dependent and guanylate cy clase-dependent vasodilation also imply that ACh might have a role in neurogenic vasodilation. This, however, seems unlikely in the cerebral circulation for at least two reasons. First, there is substantial separation between the nerve in the adventitial layer and the endothelial cells (Lee, 1982) . Second, neurogenic vasodilation of isolated cerebral arteries is enhanced in endothelium-denuded arteries (Lee et aI., 1982) . This is in agreement with the present finding that neuronal release of ACh is not affected by hemoglobin in concentrations that block neuro genic vasodilation in arteries without endothelial cells.
We had initially reported that oxyhemoglobin, but not methemoglobin or porcine serum albumin, was capable of inhibiting Electrophorus AChE (Lin nik and Lee, 1986a) . Results from the present study, however, demonstrate that oxyhemoglobin failed to alter esterase activity of AChE isolated from cere bral arteries. The difference in these findings re mains to be solved. It does, however, indicate that blockade of neurogenic vasodilation by hemoglobin is not due to altered AChE activity. This is consis tent with previous studies demonstrating that ace tylcholinesterase inhibition by physostigmine does not affect TNS-induced vasodilation in isolated ce rebral arteries (Lee, 1982) . In summary, substantial cholinergic innervation is present in pig cerebral arteries (present study; Saito et aI., 1985) . Although some results from in vivo physiological studies indicate that cholinergic nerves may mediate vasodilation (Vasquez and Purves, 1977; D' Alecy, 1977) , ACh is not the dilator transmitter at terminal synapses. Cholinergic bou tons, however, are found close to smooth muscle cells in the media, providing a morphological basis for a functional cholinergic innervation (Lee et aI., 1988) . The best explanation for the discrepancy be- tween in vivo and in vitro (present) studies is that an unidentified substance is present in cholinergic nerves, and its release induces vasodilation (Lee, 1986) . Concentrations of hemoglobin that block this dilation do not affect the release of ACh. Therefore, the mechanism by which hemoglobin blocks neuro genic vasodilation is not likely through a direct ef fect on release of the unidentified vasodilator sub stance from cholinergic terminals. The nature of the vasodilator substance has not been determined. Al though several neural peptides such as vasoactive intestinal polypeptide (VIP) have been suggested to be the potential vasodilator transmitters, evidence for and against VIP as a vasodilator transmitter in cerebral blood vessels has been presented (Lee, 1988) . Furthermore, hemoglobin or hemolysate may be involved in the initial step in the genesis of cerebral vasospasm following subarachnoid hemor rhage (Lee et aI., 1984; Duff et aI., 1988) . Elucida tion of the exact mechanism underlying hemoglobin blockade of neurogenic vasodilation may have im portant implications for understanding the biochem ical events which lead to the development of sub arachnoid hemorrhage-induced cerebral vaso spasm.
